Diesel vehicles contribute substantially to emissions of NO x , an ozone precursor, and to particulate matter. Real-world in-use on-road emissions of selected diesel vehicles, fueled with B20 biodiesel and petroleum diesel, were measured during normal duty cycles using a portable emissions measurement system. Four categories of dump trucks were tested, including: (1) single rear axle with Tier 1 engines; (2) single rear axle with Tier 2 engines; (3) tandems with Tier 1 engines; and (4) tandems with Tier 2 engines. Each vehicle was tested for one day on B20 biodiesel and for one day on petroleum diesel. On average, there were 4.5 duty cycles per day. Each duty cycle can be represented as a combination of nine operating modes (idle, three levels of acceleration, three levels of cruise, deceleration, and dumping). Average fuel flow and emission rates on a mass per time basis varied substantially among the operating modes. Key factors responsible for the observed variability in fuel use and emissions include: operating mode, vehicle size, engine type, vehicle weight, and fuel. Average fuel use and CO 2 emission rates were approximately the same for the two fuels, but average emission rates of NO, CO, HC, and PM decreased by 10, 11, 22, and 10 percent, respectively, for B20 biodiesel versus petroleum diesel. The observed decrease in NO emissions is different from results reported by others based on engine dynamometer testing. The difference may be because of the effect of real-world duty cycles versus standardized test procedures used in dynamometer testing, and requires further work to determine if the ratio of NO to total NO x is impacted by the duty cycle.
INTRODUCTION
This paper focuses on evaluation of the real world effect of the use of B20 biodiesel fuel on vehicle fuel use and emissions in comparison to petroleum diesel, based on field measurements of a selected group of dump trucks.
Biodiesel fuel is gaining increasing interest as an alternative fuel for several reasons. Biodiesel blend stock can be developed from domestic resources, thereby offsetting the need for foreign imports to supply transportation fuel needs. Various laboratory-based dynamometer studies have indicated that substitution of B20 biodiesel (a blend of 20% blend stock with 80% petroleum diesel) for 100% petroleum diesel reduces emissions, on average, for carbon monoxide (CO), hydrocarbons (HC), and particulate matter (PM). The apparent disadvantages of B20 biodiesel are a reported slight increase in NO x emissions, a price premium, and possible storage and operational issues (1) . Many of the latter, such as the possibility of biofouling during storage, and operational problems due to filter clogging and cold temperature properties of the fuel, can be avoided through prudent management or prevention strategies. Thus, the key concerns typically focus on the price premium and the effect of a switch from petroleum diesel to B20 biodiesel on NO x emissions. Because NO x is a precursor to tropospheric ozone, the concern about an increased role for biodiesel tends to be greatest in areas that are in nonattainment of the National Ambient Air Quality Standard (NAAQS) for ozone (2) .
The majority of existing emissions data for comparing B20 versus petroleum diesel are based on laboratory-based engine dynamometer tests. Such tests may not be representative of real world duty cycles and conditions. Thus, a key motivation for this study is to collect real world data.
The objectives of this study were to characterize real-world in-use on-road emissions of selected heavy duty diesel vehicles during normal duty cycles and to identify factors responsible for variability in emissions and fuel use, including the effect of different types of fuels.
BACKGROUND ON FACTORS INFLUENCING EMISSIONS
Tailpipe emissions are a complex function of many influential variables, including vehicle characteristics, vehicle activity patterns, ambient conditions, fuel properties, and related issues (3) . Examples of related issues include driver behavior, traffic flow, and roadway and route characteristics. These latter issues can influence the vehicle activity pattern (4) . Overall, key factors that influence emissions are fuel properties, vehicle weight, speed and acceleration, and operating modes. In designing a field study for measurement of real-world in-use duty cycles and emissions, consideration was given to obtaining data for different vehicle weights, engine design, load, fuel, and operating mode.
METHODS FOR MEASURING VEHILCE EMISSIONS
Several commonly used methods for measuring vehicle include engine dynamometers, chassis dynamometers, tunnel studies, remote sensing, and on-board measurement. Most of the available data regarding heavy-duty vehicle emissions is typically from engine dynamometer measurements (5, 6, 7) . These data are reported in units of g/bhp-hr, which are not directly relevant to in-use emissions estimation. Furthermore, many engine dynamometer test cycles are based upon steady-state modal tests that are not likely to be representative of real world emissions (8) . There are also transient engine dynamometer tests, but it is not likely that any particular standardized test cycle will be representative of operation of a particular type of vehicle and real world duty cycle.
Chassis dynamometer tests provide emissions data in units that are more amenable to the development of emission inventories. For example, for on-road vehicles, emissions can be reported in units of grams of pollutant emitted per mile of vehicle travel. This emission factor can be multiplied by estimates or measurements of vehicle miles traveled to arrive at an inventory (9) . However, for vehicles that operate off-road, or that have operating modes that cannot easily be accommodated in the laboratory setting (e.g., dumping of the bed of a dump truck), it may not be possible to obtain data representative of all aspects of a duty cycle. Furthermore, these tests have a non-negligible cost per vehicle and the number of heavy duty dynamometer facilities is limited. The applicability of chassis dynamometer test results to real world emissions is limited by the potential lack of representativeness of standard test cycles (10, 11) .
Tunnel studies are limited in their ability to discriminate among specific vehicle types, although it is possible to distinguish between gasoline and diesel vehicles using statistical methods (12) . However, tunnel studies are based upon measurements for a specific link of roadway and thus are not representative of an entire duty cycle.
Remote sensing can be used to measure emissions from any vehicle that passes through the infrared and, if available, ultraviolet beams that are used to measure pollutant concentrations. For purposes of measuring heavy duty vehicles, remote sensing deployment may need to be adjusted to the appropriate plume height, especially if the trucks discharge emissions above the level of the vehicle's cab (13, 14) . Each measurement is only a snap shot at a particular location, and thus cannot characterize an entire duty cycle.
On-board emissions measurement systems offer the advantage of being able to capture real world emissions during an entire duty cycle (15) . In particular, Portable Emissions Measurement Systems (PEMS), that are more easily installed in multiple vehicles than complex on-board systems (16) , are selected for use in this study. There may be a trade-off regarding the cost and ease of use versus the accuracy of simple versus more complex PEMS.
PREVIOUS EMISSIONS MEASUREMENTS FOR BIODIESEL
A review of available engine dynamometer test data for a variety of diesel engines indicates that there is a reduction in the emission rate of PM, CO, and HC and an increase in the emission rate of NO x . These results are based upon analysis of a database complied by the U.S. EPA (5, 6) . Here, we report results based on the Federal Test Procedure (FTP) engine dynamometer test. On average, emissions decreased on B20 versus petroleum diesel by 10 percent for PM, 11 percent for CO, and 21 percent for HC, but increased by 2 percent for NO x , as shown in Table 1 . The magnitude of the changes increase as the amount of blend stock is increased. For comparison purposes, a summary of the changes is shown also for pure B100 blend stock. In addition, specific subgroups of engine types were analyzed in order to assess inter-engine variability. For example, for selected engines, the NO x emission rate increased on average by 2.4% for B20 biodiesel versus petroleum diesel, but the standard deviation is 1.9%. This implies that there are a few engines for which the change in emissions is zero or a decrease, even though on average there is a small increase. However, the average changes are typically of greatest interest in order to gain insight into how switching fuels would affect emissions of fleets of vehicles. There is a much smaller database for chassis dynamometer comparisons of B20 versus petroleum diesel (17, 18) . These data suggest that emissions of CO and HC decrease, similar to the findings from engine dynamometer data. However, unlike the engine dynamometer data, the chassis dynamometer data suggest that NOx emission rates decrease and PM emission rates increase. There are not adequate data to determine whether the differences from the two types of tests are because of the specific mix of vehicles tested, the test procedures, or both
PORTABLE EMISSIONS MEASUREMENT SYSTEM
The PEMS that was used in this study is the OEM-2100 "Montana" system manufactured by Clean Air Technologies International, Inc. (19, 20) . The Montana system is comprised of a gas analyzer, a PM measurement system, an engine diagnostic scanner, a global position system (GPS), and an on-board computer. The gas analyzer measures the volume percentage of NO, HC, CO, CO 2 , and O 2 in the vehicle exhaust. The PM measurement capability includes a laser light scattering detector and a sample conditioning system. The engine scanner is connected to the data link of electronically controlled vehicles, from which engine and vehicle data may be downloaded during vehicle operation. A GPS system measures vehicle position. The on-board computer synchronizes the incoming second-by-second emissions, engine, and GPS data. Intake airflow, exhaust flow, and mass emissions are estimated from engine operating data, engine and fuel properties, and exhaust gas concentrations.
The gases and pollutants measured include NO, HC, CO, CO 2 , O 2, and PM using the following detection methods:
• HC, CO and CO 2 using non-dispersive infrared (NDIR). Measurements of CO and CO 2 are accurate to within 10 percent when compared to a dynamometer lab (21) . The accuracy of the HC measurement depends on type of fuel used (15, 20) .
• NO measured using electrochemical cell. On most vehicles, NO x can be inferred from NO (15, 20) . For diesel vehicles, total NO x is typically approximately 90 to 95 percent NO, with the balance NO 2 (22, 23) . However, data are not readily available as to the second-by-second or mode-specific distribution of NO x into its components.
• PM is measured using light scattering, with measurement ranging from ambient levels to low double digits opacity (15, 20) . The PM measurements are semi-quantitative. They agree reasonably with benchmark engine dynamometer data, but one could obtain more accurate measurements with other methods. Because they are based on a light scattering method, they are somewhat analogous to opacity. Therefore, to make clear that the measurements are not intended to represent accurate mass emission rates, we use the term "opacity" rather than PM emissions.
The gas analyzers are calibrated periodically based on a cylinder gas and also selfcalibrate approximately every half hour using ambient air as a reference, referred to as "zeroing". Two gas analyzer modules are used in parallel in order to have continuous data even when one goes off-line for periodic "zeroing" (19) .
DESIGN OF THE FIELD DATA COLLECTION STUDY
The field study design is based upon multiple types of vehicles, engines, fuels, loads, and operating modes. Four categories of dump trucks were selected for testing, including: (1) These vehicles belong to the North Carolina Department of Transportation and were operated from the North Carolina Department of Transportation (NCDOT) Division 5 maintenance yard located in Raleigh, NC. The field data collection activity is summarized in Table 2 .
In order to obtain an adequate sample of data, each test was conducted over the course of an entire workshift. Each workshift included, on average, 4.5 duty cycles. Each actual duty cycle can be represented as a unique combination of nine operating modes (idle, three levels of acceleration, three levels of cruise, deceleration, and dumping). A typical duty cycle includes obtaining a load at an origin, delivering the load to a destination, dumping the load, and returning to an origin to obtain a new load, with an average duration of 1.2 hours. The average weight of a typical load was approximately 14.5 tons for the tandems and 7.0 tons for the single rear-axle trucks. The weight of the load was comparable to the unloaded weight of the vehicle.
Each of the 12 vehicles was tested for one day on B20 biodiesel and for one day on petroleum diesel, for a total of 24 days of field measurements. The source of petroleum diesel for blending with B100 blendstock was the same as for operations on 100 percent petroleum diesel, and the B100 blendstock was obtained from one source. This is significant, because biodiesel composition varies by source. The vehicles were operated by NCDOT drivers who conducted their normal work. The data collection occurred in Wake County, North Carolina. Data were collected for vehicles operated on B20 biodiesel fuel during more humid (on average) months than when data were collected for petroleum diesel. NO x emissions in particular may be sensitive to ambient humidity (24,25). The implications of the differences in ambient conditions with respect to interpretation of field study results were considered when analyzing the field study results.
METHODS FOR DATA REDUCTION, ANALYSIS, AND VALIDATION
Methods for screening the data collected in the field, and for making corrections or deletions to deal with data problems, were developed and applied. The screening methods focus on engine data, gas analyzer data, zeroing procedure, negative emissions values, loss of power, and low concentration. The goal of these screening methods is to create a database that is as free of errors as possible. These errors can involve loss of input data streams, loss of power, data values that are out of range, or data problems associated with operational problems (e.g., overheating of a gas analyzer bench). Such errors are infrequent and where possible are corrected in the field.
Once a quality assured database was developed, the data were analyzed. In order to compare emissions between vehicles, loads, and fuels, a set of operating modes was developed that allow any activity pattern to be disaggregated (3, 26) . The modes include idle, three levels of acceleration, three levels of cruise, deceleration, and dumping. The dumping mode refers to lifting of the rear bed of the truck, which typically occurs during stationary or low speed operation of the truck. Average emissions rates were estimated for each mode based upon binning of second-by-second data. The binning criteria include speed, acceleration, and engine power demand, in various combinations, depending upon the mode. Engine power demand is The Montana system estimates fuel use based on a mass balance calculation. The actual fuel consumed during each data of testing was measured by NCDOT. The measured versus actual fuel use were compared and agreed to within less than 0.7 percent. This implies that, despite any errors or uncertainties in these data, there is excellent agreement between these values. This comparison implies that the average mass balance estimates of the Montana system are both accurate and precise.
RESULTS OF THE FIELD STUDY
Data from the field study were used to assess the effects of operating mode, vehicle load, vehicle type, engine type, and fuel type on fuel use and emissions. Details regarding these are reported by Frey and Kim (27) . This paper focuses primarily on the results pertaining to operating mode and fuel type. Figure 1 provides an example of the variability in average NO emission rate on a mass per time basis by operating mode for each of the four types of vehicles tested on petroleum diesel with a load. The highest mass emission rates typically occur in the high acceleration mode. On a relative basis, the emission rate for high acceleration is typically a factor of approximately 20 greater than the lowest emission rate, which is for idle. The dumping mode has a higher emission rate than idle because the engine is under a larger load. The vehicles with Tier 2 engines typically had a lower NO emission rate for a given mode compared to the same size vehicle with Tier 1 engines. The tandems with Tier 1 engines had higher mass emission rates than did the smaller single rear axle trucks with Tier 1 engines. However, on average, the emission rates for both sizes of vehicles with Tier 2 engines were approximately similar. These results demonstrate that emissions vary by operating mode, vehicle size, and engine design. In particular, each of the four groups shown has engines from different manufacturers (i.e. Cummins, Mercedes-Benz, Caterpillar, and International for the tandem Tier 1, tandem Tier 2, single Tier 1 and single Tier 2, respectively). A typical real-world activity pattern is given in Figure 2 for the example of loaded tandem trucks fueled with B20 biodiesel. Similar results were obtained for loaded versus unloaded vehicles of all types with both fuels. This example illustrates that a significant amount of time is spent idling, but that idling accounts for only a few percent of fuel use and emissions. The largest share of the distance driven is associated with the highest speed cruise mode. The largest contributors to fuel use and emissions typically are the medium and high acceleration and medium and high cruise modes. The dumping mode, which occurs for only a short period of Acceleration Cruise time, contributes more to emissions than does the idle mode. The real world activity pattern depicted here differs from the standardized test procedures.
Since the main focus of this work was to compare fuel use and emissions when vehicles were fueled with B20 biodiesel versus petroleum diesel, the following text will focus on this comparison. Table 3 summarizes the average emission rates for each of the four vehicle groups for both unloaded and loaded operations and for both petroleum diesel and B20 biodiesel. Furthermore, the ratio of emission rates for loaded versus unloaded, and for B20 versus petroleum diesel, are quantified.
For fuel use and CO 2 emissions, which are very closely related to each other (since nearly all of the carbon in the fuel is emitted as CO 2 ), two numbers are shown. One is based on all 12 vehicles. The other excludes one single rear-axle vehicle for which testing during loaded operations on B20 biodiesel included not only a full rear bed of the truck, but also towing of a trailer. This meant that the effective load on the engine was much higher, which biases the comparison between fuels. When this vehicle is excluded, the average change in fuel consumption and CO 2 emissions is approximately as expected. The mass fuel use and CO 2 emissions per unit of energy in the fuel are expected to be slightly higher for B20 because it has slightly less energy and carbon density than does petroleum diesel.
In general, the emissions rate of NO, HC, CO, and opacity (PM) decreased for three out of four vehicle groups, and for one group there was no significant change. The emissions rate of all four of these pollutants decreased significantly for the single rear-axle trucks.
Two values are reported for the change in NO emissions. One is based on the mass emission rates as estimated for each vehicle based directly on the field measurements. The other is based on a correction factor used to adjust the NO emission rates to a common basis with respect to ambient humidity. Regardless of whether the uncorrected or corrected emission rates are used, the average NO emissions rate decreased significantly for both the single rear axle and tandem vehicles with Tier 1 engines. The reduction in emissions for the Tier 2 engines on single rear axle vehicles was less than for Tier 1 engines. For the tandems with Tier 2 engines, the change in NO emission rate was not statistically significant. These results suggest that Tier 2 engines might be less sensitive to the differences between the two fuels than Tier 1 engines, but of course this would need to be confirmed with more testing on a larger number of vehicles.
The HC emission rates decreased more for the Tier 1 engines than for the Tier 2 engines, on average. For the tandems with Tier 2 engines, the average change in HC emission rate was insignificant. For CO emission rates, there is not a clear pattern regarding the change when comparing the two fuels for the different vehicle groups. The greatest percentage decrease was for the smaller trucks with the older engines. The average decrease for the newer vehicles was approximately the same for both the single rear-axle and tandems. The average change in CO emission rate for the older tandems was insignificant. For opacity (PM), there were insignificant to modest reductions in average emissions rates, with the largest decreases occurring for the single rear axle vehicles. The average decrease in NO emission rate is 10 percent. Data reported elsewhere imply, on average, that NO x emissions rate increase by approximately 2 percent for B20 biodiesel versus petroleum diesel. There are at least three possible reasons for the observed decrease in NO emission rate and why this appears to be different from previously reported comparisons. One is that the distribution of time in different operating modes is different for the real world duty cycles versus the laboratory dynamometer cycles. The data obtained in this study imply that the ratio of NO emission rate on B20 biodiesel to petroleum diesel depend on the operating mode. For example, low cruise tends to produce higher NO emission rate on B20 biodiesel than does the high acceleration mode, whereas high acceleration, on average, had a lower NO emission rate for B20 biodiesel versus petroleum diesel for all four vehicle groups. Thus, driving cycles that have more emphasis on modal activity similar to low cruise might imply higher NO on B20 biodiesel, whereas those with less emphasis on this type of activity might imply lower NO emission rate. The duty cycles of this work were measured in the field and thus are representative of real world in-use activity patterns.
Measurements were made of NO but not of total NO x . It could be the case that the ratio of NO 2 to NO varies either by operating mode, for different fuels, or for combinations of both. The PEMS used in this study does not have a capability to measure NO 2 or total NO x . However, it could be possible to obtain supplemental equipment to make measurements of NO and total NO x for comparison with the PEMS measurements. Data in the literature imply that engine-out emissions rate of NO x typically are comprised of only 5 to 8 percent, on average, of NO 2 , with the majority of the NO x in the form of NO (15, 20) . However, there are little data available at this time to characterize the ratio of NO 2 to NO x as a function of operating mode.
A third consideration is that others have reported that NO x emissions rate tend to decrease for B20 biodiesel versus petroleum diesel if the biodiesel conforms to the applicable ASTM standard (28) . However, if the glycerin content of biodiesel exceeds the standard, apparently NO x emissions rate may increase (29) . The observation of a reduction in average NO emission rates could imply that the biodiesel fuel used here has low glycerin content; otherwise, an increase in NO emission rate would be expected.
The observed decrease in NO emission rates was slightly higher for loaded vehicles than for unloaded vehicles, suggesting that vehicle weight influences the emission rates differently for the two fuels.
The average HC emission rate decreased by 22 percent for B20 biodiesel versus petroleum diesel. This average change is comparable to the 21 percent decrease reported in Table 1 based upon analysis of dynamometer data compiled by EPA. HC emission rates appeared to consistently decrease for all operating modes for those vehicle groups in which a significant overall average decrease occurred. These groups include single rear-axle vehicles with Tier 1 engines and tandem vehicles with Tier 1 engines. This implies that the change in HC emission rates would be less sensitive to the duty cycle than appears to be the case for NO. In general, HC emission rates are less variable than those of other pollutants, which also imply that the emissions rates are more consistent across operating modes for a given fuel.
The average CO emission rate decreased by 11 percent, which is the same relative change estimated based upon data compiled by EPA as shown in Table 1 . There appears to be significant variability across vehicles and operating modes regarding the percentage change in average emissions rate on a operating mode-and vehicle-specific basis. However, it is typically the case that the percentage decrease in average emissions rates for many of the modes significantly outweigh more modest increases, if any, that occur for some of the modes. For example, on average across all vehicle groups, the idling, medium acceleration, low cruise, medium cruise, and deceleration modes have decreases in emissions rate, whereas other modes have approximately the same average emissions rate on both fuels. Thus, the difference in CO emissions rate between the two fuels is not as sensitive to the proportion of different operating modes in a duty cycle as is the case for NO.
The average change in opacity (PM) emission rate was a decrease of 10 percent, which is comparable to the estimate based upon dynamometer data that is shown in Table 1 . When averaged over the four vehicle groups, opacity (PM) emissions rates were lower for B20 biodiesel versus petroleum diesel for the idle, low cruise, medium cruise, high cruise, and deceleration modes for both unloaded and loaded vehicles, and for the dumping mode for loaded vehicles. The opacity (PM) emission rate tended to be higher on B20 biodiesel for the acceleration modes. Thus, the overall average change in opacity (PM) emission rate could have some sensitivity to the proportion of the operating modes in a given duty cycle. However, it is clear from these data that the average decrease in the overall opacity (PM) emission rate is based upon representative duty cycles for these types of vehicles.
In general, the tandems have higher mass per time fuel consumption and CO 2 emission rates than the smaller and lighter single rear axle-vehicles, as expected. The average mass per time emission rates of HC and opacity (PM) are also higher for tandems than for single rear-axle trucks. For NO, the average mass emission rates are higher for the tandems with Tier 1 engines compared to the single rear-axle vehicles with Tier 1 engines, but the average emission rates are approximately similar for both single rear-axle and tandem trucks with Tier 2 engines. For CO, the emissions rate of the tandems are lower than for single rear axle for the Tier 1 engines, but higher for the Tier 2 engines.
The Tier 2 engines typically have approximately the same or lower average emission rates compared to Tier 1 engines, for a given size of vehicle, for NO and opacity (PM) regardless of vehicle load or fuel type.
Emission factors can be reported in other units, such as mass per gallon of fuel consumed or mass per distance of vehicle travel. Because of space limitations, it is not possible to provide details on the use of such units here. However, details on this and other aspects of the study, including a more detailed presentation of the data, are available elsewhere (27) .
FINDINGS AND RECOMMENDATATIONS
This paper demonstrates the successful recommendation to owners or operators of fleets of these types of emission sources characterize the emission rates and the emission inventories for their fleets, using real-world representative data where possible.
The main results of the field study measurements are the following:
• There is substantial variability in fuel use and emission rates by operating mode regardless of whether these are analyzed in terms of mass per time, mass per mile driven, or mass per gallon of fuel consumed. The mass per time approach was the most useful for this work because it enabled evaluation of the contribution of each second of operation in a given mode to the total fuel use and total emissions.
• The episodic nature of fuel use and emission rates was confirmed based upon comparison of the average emission rates for different operating modes. For example, on a mass per time basis, there was typically a factor of 4 to 20 when comparing the mode with the highest rate to the mode with the lowest rate. In many cases, the high acceleration mode had the highest mass per time rate and the idle mode had the lowest mass per time rate, but there are some exceptions depending on the pollutant.
• Factors that were responsible for the observed variability in fuel use and emissions include: operating mode, vehicle size, engine type, vehicle weight, and fuel. Vehicle size and weight clearly influenced fuel use and emissions. Fuel use and CO 2 emissions increase with vehicle size and weight. The emissions of other pollutants typically, but not always, increased by size and weight.
• Vehicle load leads to an increase in fuel use and emissions for a given vehicle on an individual basis or for groups of vehicles on an average basis. For the smaller single rear-axle vehicles, there was approximately a 26 percent increase in fuel use and emissions associated with an averaging doubling of vehicle weight. For the larger tandems, the vehicle weight with a load increases by approximately 140 percent and produces an increase in average fuel use and emission rates of 30 to 35 percent.
• The emission rates on B20 biodiesel were typically lower than those for petroleum diesel for NO, CO, HC, and opacity (PM). The finding for NO is somewhat different than that based upon engine dynamometer data reported by EPA, but an analysis of average emission rates by operating mode suggests that the average NO emission rate for a duty cycle is sensitive to the proportional contribution of each mode to the total. Therefore, a finding is that whether NO emissions appear to increase or decrease when comparing the fuels depends, at least on part, on what duty cycles are used for making the comparison.
• The difference in results when comparing B20 biodiesel versus petroleum imply that different results can be obtained depending in part on the duty or test cycle, further emphasizing the need for characterization and use of realistic duty cycles when making estimates and comparisons of emissions.
Based upon the findings, the following recommendations are made:
• There is a benefit to the use of biodiesel fuel in terms of emissions that occur within the airsheds where the vehicles operate. Thus, the substitution of B20 biodiesel for petroleum diesel should be evaluated as an option for reducing tailpipe emissions especially in airsheds where attainment of the NAAQS for NO 2 and PM may be of concern.
• Other factors that influence vehicle emissions, such as vehicle load and operating mode, provide insight into situations that can produce high emissions. For example, the highest emission rates would be expected to occur for a vehicle that is in medium or high acceleration and carrying a load. To the extent that the vehicle duty cycle could be modified to accommodate extenuating circumstances, such as to manage or reduce emissions on a day that might be subject to an exceedence of the NAAQS for NO 2 or PM, an effort could be made to moderate acceleration rates in order to reduce the total emissions for a duty cycle.
• Although the trucks tested in this study spent a significant amount of time idling, the total fuel use and emissions associated with idling was a small fraction of the total fuel use and emissions for the entire duty cycle. Nonetheless, on a mass per gallon of fuel consumed basis, the emission rate during idling can be relatively large. Therefore, consideration could be given to reducing fuel use and emissions by reducing the amount of time spent idling.
• Recommendations for future work to improve this study include: (a) the life cycle emissions associated with production and distribution of the fuel should be considered; (b) evaluation of whether the ratio of NO to total NO x changes significantly among operating modes for each of the two fuels is needed; and (c) consideration could also be given to occupational exposures when determining the need for strategies for idle or emissions reduction.
